INTRODUCTION
============

In the last decade, stents have been used as safe and effective alternatives to surgery or repetitive endoscopic procedures, to improve the quality of life for patients with various gastrointestinal (GI) diseases and disorders. Indications for the use of stenting have gradually expanded to include a variety of malignant strictures, obstructions, external compressions of the GI tract, malignant GI perforations and fistulae, and selected cases of benign stricture that are resistant to repeated balloon dilation or surgical bougienage.[@B1],[@B2],[@B3] GI stents were originally designed as rigid, cylinder-like prostheses and, as a result, had poor efficacy and high adverse event rates, such as migration, obstruction, and perforation of the GI tract.[@B4] In recent years, considerable advances have been made in the design of these stents, and several types of high-quality devices have been developed.[@B5],[@B6],[@B7] In this review, we describe the history of GI stent usage for the treatment of digestive tract disease, and provide an update on the most recent technologies. Our discussion includes esophageal, gastroduodenal, biliary, and colonic stents.

HISTORICAL REVIEW OF STENT MANAGEMENT
=====================================

Plastic stents
--------------

GI stents are used to palliate patients with obstructions of the alimentary tract caused by malignancy. When patients are no longer candidates for surgery and cannot tolerate chemotherapy or radiation therapy, stenting has been used as an excellent palliative therapeutic modality by providing the patient immediate relief of symptoms.[@B8] Historically, rigid polyvinyl plastic stent placement has been used to alleviate obstruction of the GI tract.[@B9] Although effective in more than 80% of patients, plastic stents were associated with complications, such as migration, food impaction, and perforation in up to 10% of patients.[@B10] Furthermore, the use of plastic stents was limited. The lumen of the alimentary tract often required dilation prior to stent placement because the plastic stent was of a fixed diameter. Contingent upon the tumor bulk location, friability, angulation, and tightness, insertions were often traumatic and the procedural complication rates were high.[@B11]

Self-expandable metallic stents
-------------------------------

The use of self-expandable metallic stents (SEMSs) in the GI tract is one of the most notable advances in the history of therapeutic endoscopy. Since the introduction of uncovered SEMSs in the early 1990s, plastic stents have rarely been utilized for the palliation of malignant GI tract obstruction. SEMSs consist of woven, knitted, or laser-cut metal mesh cylinders that exert self-expansive forces until they reach their maximum fixed diameter. They are generally packaged in a compressed form and constrained around a delivery device.[@B3] Therefore, the SEMS can be inserted into a narrower opening, making dilation unnecessary and reducing the risks of perforation, obstruction, or migration, as can occur with plastic stents.[@B9] Moreover, nitinol wire, which is a nickel titanium alloy with shape memory and super-elastic characteristics, greatly improved the utility of SEMS. Currently, the use of nitinol enables the development of variable designs, such as braided or knitted stents.[@B12]

According to a randomized controlled trial (RCT) of 42 patients by Knyrim et al.,[@B13] the use of SEMS was associated with significantly reduced stent-related adverse events compared to plastic prostheses in the palliative treatment of esophageal cancer (0 vs. 9, *p*\<0.001; the procedure-related mortality was 14% for plastic prostheses). In another RCT, 31 consecutive patients with inoperable esophageal cancer were randomized to receive either a SEMS (modified Gianturco metal stent) or a plastic prosthesis (Atkinson tube). Patients who received a SEMS had better palliation of dysphagia, shorter hospital days, and longer survival.[@B14]

SEMS have a longer patency compared to plastic stents because of their larger luminal diameters. In cases of biliary stenting, the diameter of a SEMS can be extended to 24 to 36 Fr through a relatively smaller (7 to 10 Fr) delivery system.[@B15] The larger SEMS diameter leads to a lower incidence of bacterial growth in the stent, which is considered the main reason of biliary stent obstruction. On the other hand, the maximum diameter of plastic stents is limited to 12 Fr, because a plastic stent larger than 12 Fr cannot be inserted through endoscopic working channels. Such relatively narrow lumens predispose plastic stents to occlusion by biliary sludge and/or bacterial biofilm formation, resulting in an average of 3 months of stent patency.[@B16]

Covered self-expandable metallic stents
---------------------------------------

Initial SEMS were uncovered and therefore had a risk of tumor ingrowth.[@B17] The incidence of tumor ingrowth through the open mesh architecture is known to occur in 13% of uncovered SEMS cases,[@B13] and epithelialization of uncovered stents arises within 3 to 6 weeks.[@B18] In response to this, partially covered SEMSs, which have a membrane for the purpose of preventing tissue ingrowth into the lumen of the stent,[@B19],[@B20] were developed, and ultimately allow less ingrowth than uncovered SEMSs (3% to 14% vs. 30%).[@B21],[@B22],[@B23] Soon after, it was observed that hypertrophic granulation at the uncovered ends of the stent prevented their repositioning or removal, making them usable only for palliation of GI tract malignancies.[@B19] To overcome this drawback, fully covered self-expandable metal stents (FCSEMSs) have been developed ([Fig. 1](#F1){ref-type="fig"}).[@B24] While these stents can be effective in preventing tumor ingrowth, migration occurs frequently, compared to uncovered stents, because the cover on the outside prevents the embedding of the mesh in the tissue, thus reducing stent anchorage.[@B25] One of the commonly used first-generation covered stents was the covered Gianturco Z stent (Wilson Cook Medical, Letchworth, England), a stainless steel stent covered by polyethylene. This stent had flared proximal and distal ends and central sharp barbs to anchor the stent in the tumor and prevent migration. However, migration still occurred in a large number of patients using this stent.[@B26] A more recent modification includes covered stents that are specifically designed to prevent migration, with a partial cover, flared ends, or a double stent design.[@B27],[@B28],[@B29] Such recent designs have led to an improvement in stent migration rates. With the latest stent design (Flamingo stent; Microvasive, Boston Scientific, Watertown, MA, USA), a migration rate of \~5% has been described.[@B26]

The future of GI stents
-----------------------

GI stenting has progressed to the stage where this treatment is now considered minimally invasive therapy, with a high technical and clinical success rate. Moreover, GI stents improve the quality of life for patients with various GI diseases. However, a significant number of patients still require re-intervention for stent malfunctions, including obstruction, migration, and other related complications. Therefore, studies are ongoing to enhance the functions of stents, strengthen their merits, and reduce their drawbacks. As such, functional SEMSs have been developed.

Anti-migratory stents
---------------------

As mentioned above, migration is a major problem for FCSEMS. In this regard, several newly designed stents aimed at preventing FCSEMS migration have been developed. Anchoring components, such as flared ends and anchoring flaps, are typical of these recent designs. A flared end is commonly used to prevent migration. Tringali et al.[@B30] reported a study on flared end FCSEMS (Niti-S; Taewoong Medical, Goyang, Korea) in patients with chronic pancreatitis. This has an expanded shape at both ends that prevents migration, while allowing for easier removal. In the literature, the Niti-S showed superior efficacy and a lower migration rate than conventional FCSEMS.[@B30] Moon et al.[@B31] recently also reported excellent results for the prevention of migration by using the Niti-S bumpy-type stent (Taewoong Medical) in patients with benign pancreatic duct strictures. In their study,[@B32] patients with chronic pancreatitis were treated with flared-end FCSEMS ([Fig. 2](#F2){ref-type="fig"}),[@B24] and stent migration did not occur in any.[@B31]

A study using the dual-flap, with a fully covered metal Hanaro stent (M.I. Tech, Seoul, Korea), with four flaps at the proximal end, reported no distal migration during an indwell time of up to 6 months.[@B32] In this study, the investigators also compared the anti-migratory effect of the anchoring flap and flared end, and found that none of the 22 patients in the anchoring flap group had stent migration, compared to 33% (seven of 21, one proximal and six distal) in the flared end group (*p*=0.004). They thus concluded that the anchoring flap is superior to the flared end with regard to stent migration.[@B32] Mahajan et al.[@B33] also reported a study on FCSEMS covered with Gore-Tex expanded polytetrafluoroethylene (Viabil; Conmed, Utica, NY, USA) in benign biliary strictures. This stent has serrated anchoring pins protruding from a section of the stent, significantly suppressing its migration. However, stent removal was difficult.[@B33]

Drug-eluting stents
-------------------

GI stent failures frequently occur due to the ingrowth and overgrowth of tumor cells or benign granulation tissue, despite the clinical improvement provided by the stent. The ingrowth and overgrowth could cause delayed stent occlusion and restricted patency, and result in shortened patient survival. Although covered SEMSs are designed to withstand tumor growth, occlusion is inevitable over time in most cases, because the polyurethane used is biodegraded *in vivo* by hydrolysis, oxidation, and continuous contact with GI tract content.[@B34],[@B35] Given these limitations, there have been efforts to develop drug-eluting stents (DESs), which are expected to prolong stent patency by adding anti-hyperplasia or anti-tumor functions. Paclitaxel is an extremely potent agent that causes the dose-dependent inhibition of proliferation of human epithelial gallbladder cells, fibroblasts, and pancreatic carcinoma cells *in vitro*.[@B36] Because of this inhibitory effect, local delivery of paclitaxel using covered metallic biliary stents is now under investigation at many centers. Lee et al.[@B37] introduced a metallic stent covered with a paclitaxel-incorporated membrane, and conducted a study to evaluate the safety of this device in the porcine biliary duct. Paclitaxel-containing biliary stents cause epithelial denudation and metaplasia, bile duct thickening, mucin hypersecretion, and fibrosis. However, no significant complications, including transmural necrosis and perforation, occurred in this study. With these results, the investigators concluded that a paclitaxel-incorporated metallic stent can be safely used in the normal bile duct. Another study examining local delivery into the bile duct compared paclitaxel-eluting SEMSs and control stents. Even though mucosal hyperplasia was noted in three of six dogs in the paclitaxel-eluting SEMS group, all experimental animals survived until death without evidence of jaundice. The authors concluded that paclitaxel-eluting SEMSs are safe in normal canine biliary tracts, and do not present technical difficulties.[@B38] With these positive results in animals, human studies followed, a few of which demonstrated the antitumor effect of paclitaxel-eluting SEMS.[@B39] However, a recent, prospective comparative study, using a metallic stent covered with a paclitaxel-incorporated membrane, did not show significant differences between paclitaxel-eluting SEMS and conventional FCSEMS, with respect to stent patency or patient survival.[@B40] Therefore, efforts to improve and demonstrate the effectiveness of DESs are ongoing. One of these entails selecting an adequate anti-tumor agent, depending on the nature of the cancer; in that regard, gemcitabine and 5-fluorouracil (5-FU) have gained attention.

Gemcitabine is the standard chemotherapeutic agent in advanced pancreatic and biliary tract cancer. However, it is hydrophilic and its local delivery is challenging, due to the initial burst of the gemcitabine. Prolonging gemcitabine release (over a 2-week period) is also unlikely. Therefore, a new design is required to allow prolonged drug elution through a broader contact surface between the stent and tumor, thereby maintaining a continuous and slow release of drug. Moon et al.[@B41] introduced a gemcitabine-eluting stent using pullulan acetate. Pullulan is a natural polysaccharide that can be acetylated to varying degrees to form pullulan acetate, which has a greater drug-loading capacity. When pullulan acetate was layered onto polytetrafluoroethylene and applied as part of a gemcitabine-loaded controlled-release membrane for drug-eluting nonvascular stents, the gemcitabine release lasted for 30 days.

Guo et al.[@B42] developed a 5-FU-eluting esophageal stent. The 5-FU concentration in the stent-contacting segment of the esophagus is higher than in other areas, while its concentration in the mucosal layer is higher than that in the muscular layer. With the increased drug loading, the drug concentration in esophageal tissues increases, and cellular desquamation of the stent-contacting epithelial surface also becomes increasingly severe.

However, local drug delivery from the DES has a risk of damaging the adjacent normal digestive tract mucosa, as well as causing non-target organ toxicity and systemic exposure. Various studies are ongoing to determine the type and shape of stent membrane and appropriate drug concentration that will prevent stent-induced adverse events, and enable prolonged drug release.[@B43],[@B44]

Radioactive stents
------------------

Brachytherapy in esophageal cancer takes longer to relieve the symptoms of dysphagia, but provides longer patency and fewer complications, compared to stent placement.[@B45] The combination of stent insertion and brachytherapy is likely to be a feasible and safe palliative treatment strategy in patients with unresectable esophageal cancer.[@B46] Therefore, radioactive stents have been developed, with the aim of combining the advantage of immediate relief of GI tract obstruction by stent insertion, with the longer-term benefits achieved through brachytherapy. Radioactive stents are loaded with iodine-125 seeds. The inside of the stent is conventional metal, to facilitate insertion. The technical feasibility and safety of this new stent was identified in one animal study using rabbits.[@B47] Moreover, results from a clinical RCT comparing 27 patients in a radioactive stent group and 26 in a control group showed significantly greater improvement in dysphagia grades in the radioactive stent group after 2 months. In addition, the median survival times were longer in the radioactive stent group (*p*\<0.001).[@B48] Most studies on radioactive stents have been conducted on esophageal or biliary malignant obstruction, and the overall consensus was that the stents were relatively safe and easy to insert. However, these previous investigations involved too small a sample size to determine safety and feasibility.[@B48],[@B49] Therefore, large-scale studies are required before clinical application.

Anti-reflux stents
------------------

In inoperable GI tract cancers, SEMSs provide long-term GI tract patency and relieve progressive symptoms of obstruction, as they have larger lumens than plastic stents. However, refluxed content through the SEMS can cause various diseases, including ascending cholangitis or gastroesophageal reflux; this could also cause stent obstruction, by inducing biofilm formation or introducing undigested food. As a result, refluxed content tends to lower the quality of life.[@B50],[@B51] Therefore, there is a growing need for, and interest in, stents designed to prevent reflux. Stents with an attached anti-reflux valve are being developed ([Fig. 3](#F3){ref-type="fig"})[@B24]; studies on SEMSs with these valves have been conducted mainly in esophageal and biliary cancer patients.[@B52],[@B53] Early small studies in esophageal diseases suggested that these stents were effective at both relieving dysphagia and controlling reflux.[@B54],[@B55],[@B56] However, the results of recently published studies evaluating anti-reflux stents were not always positive, because the attached valve often malfunctioned, depending on its design.[@B52],[@B57],[@B58] Anti-reflux valves designed to minimize the risk of stent malfunction led to decreased efficacy against reflux, while those designed for greater resistance interfered with natural stent patency. Therefore, a better anti-reflux valve design is needed.

Shape-modified stents
---------------------

Modification of stent design is one strategy for reducing adverse effects and improving stent function and patency. There have been several modifications of stent design in the past 10 years. One interesting modification is a winged plastic stent with a small central lumen; this was developed based on the theory that tubular plastic stents contribute to biofilm formation and luminal occlusion. However, this modified stent did not show positive results compared to conventional SEMS.[@B59] Since endoscopic ultrasound (EUS) is frequently utilized for stent insertion, modification of the stent shape is also required for a successful procedure. A conventional SEMS has a high risk of migration and bile leakage during EUS-guided gallbladder drainage; accordingly, a SEMS has been developed to avoid these complications, by means of a dumbbell-shaped modification (AXIOS stent; Xlumena Inc., Mountain View, CA, USA). In one study reporting clinical results, AXIOS stents showed high technical (84.61%) and clinical success (100%) rates with respect to gallbladder drainage, and major complications did not occur.[@B60] The ongoing effort to develop effective shape modifications to improve stents has achieved the desired results and has provided valuable information for future modifications.

Biodegradable stents
--------------------

Biodegradable stents have shown promising results in recurrent benign strictures after ingestion of corrosive agents or iatrogenic endoscopic submucosal dissection.[@B7],[@B61],[@B62] These stents consist of a braided structure of filaments made of absorbable polylactic acid polymers. Since the nature of the degradable stent does not require its removal, this can reduce hyperplastic tissue reactions and adverse events associated with stent removal, compared to SEMS. Additionally, it can be combined with antibacterial or antitumor agents, or equipped with drug-eluting functions.[@B63] Currently, stents constructed from biodegradable materials are ideal tools for treating benign strictures. Fry and Fleischer[@B64] reported a case treated with a biodegradable esophageal stent (EsophaCoil; InStent, Eden Prairie, MN, USA) for benign esophageal strictures due to radiation injury. The investigators used a self-expanding coil-shaped biodegradable stent, which was effective in alleviating their patient\'s symptoms. They concluded that such stents might be plausible treatment modalities for treating benign esophageal strictures. However, since the radial force of biodegradable stents is weaker than that of conventional metal stents, additional expansion of the lumen by using balloon dilatation is required after stent insertion. Biodegradable stents are still in the investigative stage; thus, long-term follow-up in many more cases is required to assess their efficacy.

CONCLUSIONS
===========

The role of stenting in the management of patients with digestive tract obstruction has expanded in recent years to include the esophagus, stomach, small bowel, and colon. Recent advances in technology have improved stent patency and reduced stent-induced complications, resulting in an improved quality of life. However, GI stents continue to undergo design changes to address their limitations. Further technical refinements and studies to improve and demonstrate their efficacy are needed.
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